Protein 4.1N is a neuronal selective isoform of the erythrocyte membrane cytoskeleton protein 4.1R. In the present study, we demonstrate an interaction between 4.1N and nuclear mitotic apparatus protein (NuMA), a nuclear protein required for mitosis. The binding involves the C-terminal domain of 4.1N. In PC12 cells treatment with nerve growth factor (NGF) elicits translocation of 4.1N to the nucleus and promotes its association with NuMA. Specific targeting of 4.1N to the nucleus arrests PC12 cells at the G1 phase and produces an aberrant nuclear morphology. Inhibition of 4.1N nuclear translocation prevents the NGF-mediated arrest of cell division, which can be reversed by overexpression of 4.1N. Thus, nuclear 4.1N appears to mediate the antiproliferative actions of NGF by antagonizing the role of NuMA in mitosis.
Protein 4.1 is a cytoskeletal protein most extensively studied in red blood cells where it interacts with spectrin, actin, band 3, and glycophorin C Pasternack et al., 1985; Correas et al., 1986a,b; L ombardo et al., 1992; Gascard and Cohen, 1994; Hemming et al., 1994; Hemming et al., 1995) . Patients with hereditary elliptocytosis caused by 4.1 deficiency display major abnormalities in red cell f unction, emphasizing the importance of 4.1 for cellular integrity (Conboy et al., 1991; Walensky et al., 1998a) . Although the great bulk of 4.1 research has been confined to red blood cells, 4.1 has been detected in other tissues, including the brain (Baines and Bennett, 1985; Krebs et al., 1987; Sihag et al., 1994; Walensky et al., 1998b) . Recently, we discovered a distinct gene for a novel form of 4.1 expressed selectively in the nervous system. Like the erythroid form 4.1 (4.1R), the nervous system form of 4.1, designated 4.1N, is non-nuclear and predominantly associated with the neuronal plasma membrane .
Nuclear mitotic apparatus protein (NuM A) was originally identified as a non-histone protein that leaves the nucleus at mitosis and became associated with the poles of the mitotic spindle (Lydersen and Pettijohn, 1980) . Several lines of evidence suggest that NuM A plays a major role in organizing the spindle apparatus during mitosis and nuclear reassembly at the end of mitosis (Price and Pettijohn, 1986; Compton et al., 1992; Kallajoki et al., 1993; He et al., 1995) . In the present study, we demonstrate protein -protein interactions between 4.1N and NuMA. Independently, Mattagajasingh et al. (1999) have observed binding of 4.1R to NuMA.
In PC12 cells, the neurotrophic actions of nerve growth factor (NGF) are accompanied inhibition of proliferation elicited by cell arrest in the G1 phase of the cell cycle (Rudkin et al., 1989; Yan and Ziff, 1995; van Grunsven et al., 1996a,b) . Molecular mechanisms accounting for this G1 phase arrest have been obscure. Here we demonstrate that treatment with NGF translocates 4.1N to the nucleus in association with NuMA. Moreover, we show that inhibition of this translocation prevents the NGF-mediated arrest of cell division, which can be reversed by overexpression of 4.1N. Thus, NGF-induced translocation of 4.1N into the nucleus appears to prevent the role of NuMA role in mitosis, indicating that 4.1N mediates the antiproliferative actions of NGF.
MATERIALS AND METHODS
Materials. PC12 cells were maintained in DM EM with 10% fetal bovine serum (FBS), 5% horse serum, and 100 U of penicillin-streptomycin at 37°C with 5% C O 2 atmosphere in a humidified incubator. For immunofluorescent staining, PC12 cells were anchored onto poly-D-lysine-treated coverslips. Differentiation was initiated by addition of 50 ng /ml NGF with culture medium changed to DM EM with 2% horse serum and 1% FBS. NGF, epidermal growth factor (EGF), 5-bromo-4-chloro-3-indolyl-␣-Dgalactopyranoside, and isopropyl-1-thio-␤-D-galactopyranoside were purchased from Boehringer Mannheim (Indianapolis, I N). Mouse monoclonal anti-NuM A, anti-hemagglutinin (HA), anti-Myc, and rabbit polyclonal anti-HA antibodies were supplied by C albiochem (La Jolla, CA). Protein A-conjugated agarose beads was also from C albiochem. Mouse monoclonal anti-cyclin D1, cyclin B1, and proliferating cell number antigen (PC NA) were supplied by Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal T7
. Tag antibody was from Novagen (Madison, W I). Protein concentration was determined by the Bradford method. Plasmids were purified using a Maxiprep kit from Qiagen (Hilden, Germany). ϪLeu DO supplement, ϪLeu/ϪTrp/ϪHis DO supplement, minimal SD agar base, and minimal SD base for yeast twohybrid screen were from C lontech (C ambridge, UK). GlutathioneSepharose 4B was supplied by Amersham Pharmacia Biotech (Uppsala, Sweden). Vectorshield mounting medium was from Vector Laboratories (Burlingame, CA). All chemicals not included above were purchased from Sigma (St. L ouis, MO).
Yeast two-hybrid screen. T wo-hybrid screening was conducted using Y190 yeast strain containing the HIS3 and ␤-galactosidase (␤-gal) reporter genes and the pPC97 and pPC86 expression vectors. The C -terminal domain of 4.1N (4.1N C TD) was cloned into yeast expression vector pPC97 (containing the GAL4 DNA-binding domain) as a bait. This was used to screen a rat hippocampal and cortex cDNA library cloned into pPC86 (Li and Snyder, 1995; Lai et al., 1998) , containing the GAL4 transcription domain. The 4.1N C TD plasmid was transformed into yeast using the lithium acetate-polyethylene glycol method (Ausubel et al., 1990) . The transformation of the hippocampal and cortex cDNA library into yeast expressing the GAL4 -4.1N C TD f usion was performed essentially as described (Walensky et al., 1998a) . A total of 2 ϫ 10 6 independent clones were screened, and positive interactive proteins were identified by selecting for His ϩ growth phenotype. Positive clones were f urther evaluated for ␤-gal expression by nitrocellulose filter lift assay as described (Walensky et al., 1998a) . The plasmid was isolated from a colony displaying ␤-gal activity using glass beads, transformed into bacteria by electroporation, and then DNA sequenced.
In vitro binding assays. Glutathione S-transferase (GST) f usion proteins were prepared according to the manufacturer's recommendations (Amersham Pharmacia Biotech) and coupled to glutathione-Sepharose beads. T wenty-four hours after transfection with 10 g of human NuM A cDNA, a 10 cm plate of H EK293 cells was washed once in PBS, lysed in 1 ml of lysis buffer A [50 mM Tris, pH 7.4, 40 mM NaC l, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM Na 3 VO 4 , 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM sodium ␤-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mg /ml aprotinin, 1 mg /ml leupeptin, and 1 mg /ml pepstatin A], was centrif uged for 10 min at 14,000 ϫ g at 4°C. From this, 500 l of supernatant was added to 50 l of GST, GST-4.1N-N-terminal domain (N TD), or GST-4.1N C TD agarose, incubated with slow rotation for 1 hr, and washed three times with 500 l of lysis buffer each time. The agarose then was resuspended in 30 l of sample buffer separated by SDS-PAGE followed by immunoblot using the rabbit polyclonal anti-NuM A antibody with 1:2000 dilution. Equal loading of GST or GST f usion proteins was confirmed with Coomassie blue staining. His-tagged NuM A and F K BP12 were purified according to the manufacturer's recommendations (Novagen). Purified GST-4.1N C TD was coupled to glutathione-Sepharose beads and respectively incubated with His-NuM A, His-F K BP12, and bacterial lysate at 4°C for 2 hr; after extensive washing, the agarose then was resuspended in 30 l of sample buffer separated by SDS-PAGE followed by immunoblot using the mouse monoclonal anti-T7- Tag After normalizing the protein concentration, 2 l of anti-myc antibody and 40 l of 50% slurry protein G-agarose (C albiochem) were added to the supernatant and incubated with rotation at 4°C for 3 hr. The agarose pellet was washed three times with 500 l of lysis buffer each time. The agarose then was resuspended in 30 l of sample buffer separated by SDS-PAGE followed by immunoblot using anti-HA antibody with 1:2000 dilution. For the cotransfection of human f ull-length NuM A cDNA and 4.1N f ull-length cDNA and human f ull-length NuM A cDNA and myc-N L S-4.1N f ull-length cDNA, 2 l of rabbit polyclonal anti-NuM A antibody was used and immunoblotted with anti-4.1 antibody. The protein expression levels were confirmed by immunoblot with anti-HA and -4.1 antibodies.
Coimmunoprecipitation of 4.1 and NuM A f rom PC12 cells. PC12 cells were treated with 50 ng /ml NGF in DM EM with 1% FBS, 2% horse serum, and 100 U of penicillin-streptomycin at the indicated times, whereupon cells were washed twice before lysis in 500 l of lysis buffer A. After centrif ugation for 5 min at 13,000 ϫ g in a bench-top centrif uge, the supernatant was mixed with 1 l of rabbit polyclonal anti-NuM A antibody and 40 l of 50% slurry protein A-agarose (C albiochem), followed by incubation with rotation at 4°C for 3 hr. The agarose pellet was washed three times with 500 l of lysis buffer each time. The agarose then was resuspended in 30 l of sample buffer and separated by SDS-PAGE followed by immunoblot using anti-4.1 antibody with 1:5000 dilution.
Isolation of nuclear f raction. The PC12 cell nuclei were isolated essentially as previously described (Rosenberg, 1996; Sawa et al., 1997 ) with minor modifications. Briefly, 1 ϫ 10 8 cells were rinsed with PBS, removed from the dish with a cell scraper, and collected by centrif ugation (1500 rpm for 10 min). The pellet was resuspended and washed twice with cold PBS and then resuspended in a 5 packed cell volume (PC V) of hypotonic buffer (10 mM H EPES, pH 7.9, 10 mM KC l, 1.5 mM MgC l 2 , 0.5 mM PMSF, 0.5 g /ml of leupeptin-pepstatin A-aprotinin, and 1 mM DTT), and the cells were pelleted. The cells were swollen by resuspending in 2 PC V of hypotonic buffer and incubated on ice for 10 -15 min, followed by homogenization using a Dounce glass homogenizer with a loose-fitting pestle. C ell lysis was monitored microscopically. The homogenates were centrif uged through a 1.5 ml cushion of buffer (10 mM H EPES-KOH, pH 7.6, 2.4 M sucrose, 15 mM KC l, 2 mM EDTA, 1 mM DTT, and 0.5 mM PMSF) in a Beckman Instruments Inc. (Palo Alto, CA) SW 70.1 Ti rotor at 25,000 rpm for 30 min at 4°C. The transparent supernatant above the cushion is the non-nuclear fraction. The nuclear pellet was resuspended in lysis buffer A and incubated for 10 min on ice, and the lysate was centrif uged at 13,000 ϫ g for 5 min at 4°C. After normalizing the protein concentration of the supernatant, the lysate was boiled in SDS sample buffer. SDS-PAGE and Western blotting were performed as described above. Transient transfection. Transfection was performed according to the manufacturer's protocol (Life Technologies, Gaithersburg, MD). Briefly, PC12 cells were plated on a poly-D-lysine-treated coverslip in a six-well tissue culture plate 1 d before the transfection. The cells were incubated until they achieved 50% confluency. For each transfection, 2 g of plasmid DNA was diluted into 100 l of serum free OptiM EM-I medium; then 6 l PLUS reagent was added to the DNA solution, and the mixture was incubated at room temperature for 15 min. For each transfection, LipofectAMINE (4 l) was mixed with 100 l of OptiM EM-I, which was added to the DNA-PLUS mixture, mixed gently, and incubated at room temperature for another 15 min. The cells were washed once with the serum-free OptiM EM-I medium, to which 0.8 ml of OptiM EM-I was added and put back in the incubator. After 15 min, the 0.2 ml DNA-PLUS-LipofectAMINE solution was removed to the cells. After 3 hr of incubation, the transfection mixture was replaced with 2 ml of growth medium. After overnight recovery, the cells were either differentiated by 50 ng /ml NGF or left untreated.
Immunoc ytochemistr y. Fixation, permeabilization, blocking, and PBS washes were all performed as described (Ye et al., 1998) . Briefly, PC12 cells growing on the poly-D-lysine-treated coverslips were fixed by immersion in 3.7% formaldehyde in PBS for 10 min at room temperature. The fixed cells were then permeabilized for 5 min with 0.5% Triton X-100 in PBS. The cells were then rinsed with PBS three times at room temperature. The cells were blocked by incubation in 10% FBS-PBS for 10 min and rinsed twice with PBS. Subsequent antibody incubations were performed at 37°C in a humid chamber. C ells were incubated in mouse monoclonal anti-NuM A antibody diluted 1:100 in 1% bovine serum albumin (BSA)-PBS for 1 hr and rinsed in BSA-PBS for three times for 10 min each at room temperature. The cells were incubated 40 min with Texas Red-conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch, West Grove, PA) diluted 1: 125 in BSA-PBS and rinsed in BSA-PBS three times for 10 min each at room temperature. Rabbit polyclonal anti-4.1N antibody diluted 1:400 or rabbit polyclonal anti-HA antibody diluted 1:200 were used to stain the cells for another 1 hr and rinsed in BSA-PBS three times for 10 min each at room temperature. Then the cells were incubated with fluorescein isothiocyanate (FI TC) donkey anti-rabbit secondary antibody (Jackson ImmunoResearch) diluted 1:125 for 40 min and rinsed in BSA-PBS three times for 10 min each at room temperature. DNA was detected with 4Ј,6-diamino-2-phenylindole (DAPI, 0.6 g /ml; Sigma). Coverslips were mounted with Vectashield mounting medium for fluorescence (Vector Laboratories) and studied under the confocal microscope.
Cyclin D1 staining. E xponentially growing PC12 cells, NGF-treated 2 d PC12 cells, and HA-N L S-4.1N-, HA-N L S-4.1N C TD-, and HA-4.1N N TD-transfected PC12 cells were fixed, permeabilized, and blocked as described above. Mouse monoclonal antibody cyclin D1 was used at 1:200 dilution in BSA-PBS solution, and the transfected cells were also stained with rabbit polyclonal anti-HA antibody at 1:200 dilution.
RESULTS

Binding of 4.1N to NuMA
The specific domains upstream of the COOH domain of 4.1N share high homology with the corresponding regions of 4.1R, which has been well characterized in terms of its interactions with a variety of cytoskeletal proteins . By contrast, the C -terminal region of 4.1N differs considerably from 4.1R, and interactions of the C -terminal domain of 4.1N have not been delineated. Accordingly, we conducted yeast two-hybrid analysis using as bait the C -terminal area (679 -879 amino acids) of 4.1N (Table 1) . Of 2 million transformants in a cDNA library of the rat cerebral cortex and hippocampus, we have identified 28 His-positive clones and 13 that are positive for both His ϩ and ␤-gal. One of these is NuM A. Direct examination of interactions of 4.1N and NuM A in yeast two-hybrid analysis reveals strongly positive interactions whether 4.1N is used as bait or prey. By contrast, the N-terminal region (1-321 amino acids) of 4.1N fails to interact with NuM A.
To explore protein-protein interactions directly, we used GSTlinked 4.1N (Fig. 1 A) . The N-and C-terminal domains of GST-4.1N were attached to glutathione-Sepharose beads, which were incubated with HEK293 cell lysates transfected with human NuMA cDNA. After extensive washing, we conducted a Western blot analysis with anti-NuMA antibody. NuMA binds to the C-terminal domain of GST-4.1N but not to the N-terminal domain, which is consistent with our yeast two-hybrid findings. To further investigate whether this interaction between the two proteins is direct, we purified the C-terminal domain of GST-4.1N, His-tagged NuMA fragment and His-tagged FKBP12, and performed an in vitro binding assay. The C-terminal domain of GST-4.1N selectively binds NuM A but not F K BP12 directly (Fig. 1 B) .
To ascertain whether NuM A and 4.1N interacts in intact cells, we used immunoprecipitation experiments (Fig. 1C,D 
Nerve growth factor causes 4.1N to translocate to the nucleus
To evaluate the localizations of 4.1N and NuM A in PC12 cells, we conducted immunofluorescent studies using confocal microscopy (Fig. 2) . In the absence of NGF treatment, although very weak staining of protein 4.1N appears in nuclei, 4.1N localizations are most pronounced at the periphery of cells. By contrast, NuMA occurs in the nucleus, whose morphology and localization are confirmed by DAPI staining (data not shown). In some cells undergoing mitosis, NuM A staining is associated with the spindle pole bodies (Fig. 2 B) . Overlay analysis reveals no coincidence for 4.1N or NuM A staining in the absence of NGF (Fig. 2C) .
Treatment with NGF (50 ng /ml) for 2 d leads to substantial sprouting of neurites. In contrast to the non-nuclear staining of 4.1N in untreated cells, NGF-treated cells manifest green 4.1N staining throughout the processes and their terminals as well as in the cell body including the nucleus (Fig. 2 D) . After NGF treatment, red NuM A staining remains associated with the nucleus, with an absence of staining in the nucleolus (Fig. 2 E) . Overlay analysis reveals yellow staining of the nucleus, indicating that NGF has elicited translocation of 4.1N to the nucleus in apparent colocalization with NuM A (Fig. 2 F) . Furthermore, time course experiments suggest that the 4.1N nuclear translocation persists as long as the cells are maintained in NGF. In addition, 4.1N nuclear translocation was also detected in sympathetic neurons after NGF treatment (data not shown).
We used biochemical experiments to explore f urther the NGFinduced translocation of 4.1N to the nucleus (Fig. 3) . NGF treatment produces a time-dependent decrease in levels of 4.1N in non-nuclear areas accompanied by appearance of 4.1N in nuclear fractions (Fig. 3 A, C) . 4.1N is first demonstrable in the nucleus at 1 hr and remains there at 4, 24, and 48 hr. In the nucleus, 4.1N is associated with NuMA, because immunoprecipitation with rabbit polyclonal anti-NuMA antibody also reveals a progressive increase of coprecipitated 4.1N in nuclear fractions between 4 and 48 hr after NGF treatment (Fig. 3E) . At all time points the same amount of NuMA is immunoprecipitated (Fig. 3F ) . Selectivity for the translocation of 4.1N is evident by the absence of translocation for ␣-tubulin after NGF treatment (Fig. 3 B, D) . In wholecell extracts, no change in the total level of 4.1N or ␣-tubulin is evident after NGF treatment, establishing that NGF elicits translocation of 4.1N rather than a change in overall biosynthesis ( Figure, 3 I, J ) .
EGF shares mitogenic and certain signal transduction actions with NGF, but EGF does not display the neurotrophic and antiproliferative effects characteristic of NGF (Cho et al., 1989; Yan et al., 1991; Mothe et al., 1993; Hempstead et al., 1994; Blumberg et al., 1995) . EGF fails to elicit translocation of 4.1N to the nucleus (Fig. 3G,H ) , results also obtained by immunofluorescent staining (data not shown).
Nuclear targeting of 4.1N incurs G1 phase arrest
The two principal effects of NGF on PC12 cells are extension of neurites and inhibition of cell proliferation. NuMA plays a major role in the regulation of mitosis (Van Ness and Pettijohn, 1983; Compton et al., 1992; Cleveland, 1993, 1994; Compton and Luo, 1995) . Accordingly, we wondered whether the nuclear targeting of 4.1N and its association with NuMA would influence mitotic events. We asked whether specific targeting of 4.1N into the nucleus in the absence of NGF might mimic the antiproliferative actions of NGF. Therefore, we transfected various forms of 4.1N into the nucleus using 4.1N tagged with an HA-labeled nuclear localization signal (NLS) (HA-NLS-4.1N) and evaluated mitotic events in comparison with cells in which full-length 4.1N was transfected without NLS (Table 2 ). In control PC12 cells not treated with NGF, ϳ2.5% of the cells are in mitosis, and 24% are in the G1 phase, illustrated by the nuclear localized G1 phase-specific marker cyclin D1. Transfection of full-length 4.1N without NLS produces no change in these ratios. By contrast, transfection of full-length 4.1N containing NLS increases the percentage of cells in G1 by ϳ80% and leads to an absence of any mitotic figures. A similar elimination of mitotic figures and increase of cells in the G1 phase occurs with transfection of the C-terminal domain of NLS-4.1N (HA-NLS-4.1N CTD), consistent with the ability of The antiproliferative effects of NGF in PC12 cells are associated with alterations in disposition of a number of proteins associated with the cell cycle (Buchkovich and Z iff, 1994; Yan and Ziff, 1995; Movsesyan et al., 1996; van Grunsven et al., 1996a,b) . One of the most notable of these changes is an increase in nuclear level of cyclin D1 (van Grunsven et al., 1996a) . To further evaluate how nuclear targeting of 4.1N might mimic actions of NGF, we stained cells for cyclin D1 (Fig. 4) . Transfection with full-length NLS-4.1N or its C-terminal domain produces an 80% increase in the percentage of cells staining for nuclear cyclin D1, closely similar to the augmentation elicited by NGF itself. By contrast, transfection with the N-terminal domain of NLS-4.1N fails to produce such an increase. More than 500 transfected cells were analyzed in each of three independent experiments. Data are presented as the mean Ϯ SEM. Metaphase staging was based on DAPI staining and microtubule morphology. G1 phase was evaluated by cyclin D1 nuclear translocation. Aberrant nuclear morphology was evident as bipartite nuclei with a dumbbell shape. *p Ͻ 0.001.
BrdU incorporation and PC NA accumulation in nucleus are widely used as S phase markers (Moir et al., 1994; Thomaidou et al., 1997; Gould et al., 1998) . To f urther explore the effects of nuclear targeting of 4.1N on cell cycle profile, we respectively stained cells for BrdU incorporation and PC NA nuclear localiza- 1N CTD) , ϳ5% of the cells manifest aberrant nuclear morphology (Fig. 5) . The nuclei are bipartite with a dumbbell shape (Fig. 5D-F) . Moreover, cells with the bipartite nuclei are substantially larger than other cells (Fig. 5G-L) .
Extranuclear NuMA prevents 4.1N translocation to the nucleus and inhibits the antimitogenic effects of NGF
Our findings indicate that NGF triggers translocation of 4.1N to the nucleus associated with the antiproliferative effects of NGF. We reasoned that prevention of 4.1N nuclear translocation should reverse the antiproliferative effect of NGF. We sought to prevent 4.1N nuclear translocation by selectively overexpressing NuMA in the cytoplasm so that it might bind endogenous 4.1N and prevent its nuclear translocation after NGF treatment. To keep NuMA out of the nucleus, we used constructs of NuM A lacking NLS, which has been shown to accumulate in the cytoplasm as a large mass approximately the same size as the cell nucleus during interphase, when it is expressed in BHK-21 cells. When cells enter mitosis, NuM A lacking N L S associates normally with the mitotic spindle without causing any apparent deleterious effects on the progression of mitosis (Saredi et al., 1996) . Transfection of cells with NuM A lacking N L S results in intense densities of extranuclear NuM A colocalized with 4.1N (Fig. 6 A-C) . We observe the same extranuclear concentrations of NuM A together with 4.1N in the absence and presence of NGF treatment. Thus, extranuclear NuM A markedly diminishes nuclear localizations of 4.1N (Fig. 6 D-F) .
In control cells in the absence of NGF, ϳ2.5% of cells display mitotic figures, whereas NGF treatment virtually abolishes such figures. Transfection of NuM A without N L S dramatically reverses the NGF effects on mitotic figures (Table 3) . Most of the cells transfected with N L S-deficient NuM A display substantial neurite extension with NuMA accumulated in the cytoplasm. Strikingly, ϳ6% of the transfected cells contain two duplicated and segregated nuclei after NGF treatment (Fig. 6 D-F) .
We postulate that the extranuclear NuMA stimulates "mitosis" by preventing nuclear translocation of 4.1N. If this is the case, then overexpression of 4.1N might be expected to overcome these effects and restore the antimitogenic actions of NGF. Accordingly, we transfected cells with HA-4.1N in addition to NuMA lacking NLS. This treatment restores the cell cycle-arresting influences of NGF. Immunofluorescent staining shows that a substantial portion of the HA-4.1N enters the nucleus (Fig. 6G-I ). To ensure that the actions of HA-4.1N are caused by 4.1N and not HA, we performed similar experiments using the C-and N-terminal domains for HA-4.1N. The C-terminal domain of HA-4.1N, like full-length 4.1N, restores the cell cycle-arresting actions of NGF, whereas the N-terminal domain has no effect. This result also indicates that the HA-4.1 exerts its effects by binding NuMA, because the C-terminal but not the N-terminal domain of 4.1N binds NuMA.
DISCUSSION
In the present study, we have demonstrated an interaction between 4.1N and NuMA using the yeast two-hybrid technique as well as several other procedures. Independently, Mattagajasingh et al. (1999) observed binding of 4.1R to NuMA. In both cases, the binding involves the C-terminal domain of 4.1. Thus, though the C-terminal domain differs ϳ50% between 4.1R and 4.1N, both forms of the protein contain the essential elements that permit interactions with NuMA.
We observed that NGF elicits translocation of 4.1 to the nucleus, findings established by both immunofluorescent staining and subcellular fractionation. 4.1N was phosphorylated on tyrosine residue in response to NGF treatment, and the tyrosine phosphorylation was identified 10 min after NGF treatment (data not shown). It is possible that the Trk receptor directly phosphorylates 4.1N on its tyrosine group and mediates its translocation into nucleus.
The nuclear translocation of 4.1N appears to mediate antiproliferative effects of NGF. Thus, transfection of 4.1N with a nuclear localization signal mimics effects of NGF. In these experiments we observe aberrant nuclear morphology, involving bipartite nuclei in ϳ5% of cells. Molecular mechanisms to account for these effects are unclear. However, NuMA has been suggested to play a role in nuclear reassembly at the end of mitosis (Price and Pettijohn, 1986; Compton et al., 1992; ) . In addition, NuMA occurs in a filamentous network in the interphase nucleus and may regulate the morphology of the nuclear cytoskeleton (Zeng et al., 1994; Merdes and Cleveland, 1998) . Presumably, overexpression of 4.1N interferes with the normal cytoskeletal actions of NuMA in the nucleus.
We provided further evidence for the role of 4.1N in antiproliferative effects of NGF by showing that extranuclear overexpression of NuMA keeps 4.1N out of the nucleus and prevents the antimitogenic effects of NGF. Interestingly, preventing nuclear translocation of 4.1N does not block the ability of NGF to promote neurite extension. Thus, we observed that many cells contain duplicated and segregated nuclei but with substantial neurite expression, something that is unprecedented for NGF actions. These experiments dissociate the neurotrophic and antiproliferative effects of NGF, consistent with previous findings (Greene and Tischler, 1976; Ignatius et al., 1985; Rudkin et al., 1989; Yan and Ziff, 1995) . To establish that overexpression of extranuclear NuMA blocks the antimitogenic effects of NGF by preventing 4.1 entry into the nucleus, we showed that overexpressing 4.1N can restore its nuclear localization and reestablish the antimitogenic effects of NGF.
Our findings establish a major role for 4.1N in mediating NGF actions. By translocating to the nucleus and binding NuMA, 4.1N prevents the mitotic actions of NuM A, enabling the antiproliferative actions of NGF. Thus, we think that our findings establish 4.1N as a mediator of the antimitogenic influences of NGF.
4.1N is not the only neural form of 4.1. We recently showed that 4.1R also occurs in the brain, where it is discretely localized to granule cells in the cerebellum and the dentate gyrus (Walensky et al., 1998b) . Mice with targeted deletion of 4.1R manifest deficits in movement, coordination, balance, and learning consistent with the areas of 4.1R enrichment in the brain. By contrast, 4.1N mRNA and protein occur in virtually all neurons in the brain . We have recently cloned another brain-specific form of 4.1, designated 4.1B, which is most enriched in Purkinje cells and thalamic neurons (Parra et al., 1998) . We also have cloned 4.1G, so designated because it occurs generally throughout the body in many different tissues (Walensky et al., 1998a) , whereas 4.1N and 4.1B are predominantly neuronal. In the brain 4.1G is localized to glia (Walensky et al., 1998a) . 4.1N, 4.1R, 4.1G, and 4.1B all arise from distinct genes (von Ruckmann et al., 1997; Walensky et al., 1998a Walensky et al., , 1999 .
Heretofore, 4.1 has been selectively associated with extranuclear events as a critical structural component of the erythrocyte membrane cytoskeleton. Protein 4.1 binds spectrin and actin and potentiates interactions of spectrin tetramers with F-actin (Ohanian et al., 1984; Correas et al., 1986a,b) . The membrane binding domain of 4.1 links the cytoskeletal scaffold to the plasma membrane through interactions with band 3 and glycophorin C ( Anderson and Marchesi, 1985; Pasternack et al., 1985; Correas et al., 1986a,b; Hemming et al., 1994 Hemming et al., , 1995 . Consistent with our discovery that 4.1N may translocate into the nucleus of PC12 cells, 4.1R has been detected in the nuclei of fibroblast cells and COS cells (Krauss et al., 1997; Gascard et al., 1999) . Our findings and the independent observations of Mattagajasingh et al. (1999) provide the important demonstration of a nuclear role for any form of 4.1. Interactions with NuM A appear to account for the mediation by 4.1N of the anti-proliferative actions of NGF. Whether other proteins of the nuclear cytoskeleton act together with NuM A and 4.1 in mediating these effects remains to be elucidated.
